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Abstract
The first heavy-ion run at the LHC with Pb+Pb collisions at
√
s
NN
= 2.76 TeV
took place in the fall of 2010. In a short and relatively low luminosity run, the
three detectors, ALICE, ATLAS and CMS showcased an impressive performance and
produced a wealth of a high quality results. This article compares the new LHC results
with those accumulated over the last decade at RHIC, focussing on the quantitative
and qualitative differences between the different energy regimes of these two facilities.
1. INTRODUCTION
The first heavy-ion run at the LHC took place in the fall of 2010 with Pb+Pb colli-
sions at
√
sNN = 2.76 TeV, a factor of ∼14 higher than the top RHIC energy of √sNN
= 200 GeV, opening a new energy frontier in the investigation of the strongly interacting
quark gluon plasma. Although the run was relatively short with an integrated luminosity
of ∼9 µb−1 the three experiments, ALICE, ATLAS and CMS, reported shortly after the
run an impressive amount of high quality results [1].
The prime question being asked with the advent of LHC results is what is different at
the LHC compared to the knowledge accumulated over the last decade at RHIC? There are
obvious quantitative differences between the two cases but the interesting issue is whether
there are qualitative differences. In these proceedings, I shall attempt a comparative
discussion of results from RHIC and LHC. The discussion is restricted to a personal
selection of the available results as it is clearly not possible to cover them all in the frame
of this short paper.
2. GLOBAL OBSERVABLES
The charged particle density at mid-rapidity per participant pair, in central AA and
pp collisions is shown in the left panel of Fig. 1 [2]. The empirical logrithmic scaling
(dotted line) that appeared to work so well at lower energies, up to the top RHIC energy,
is clearly ruled out by the new LHC data point. The particle density per participant pair,
dNch/dη/0.5Npart, at 2.76 TeV is a factor of ∼2.15 higher than at RHIC and provides
a new constraint on models that attempt to describe nuclear collisions. The transverse
energy density, dET /dη/0.5Npart, is found to be a factor of 2.7 higher at LHC than at
RHIC, consistent with the increase in particle density and the∼20% increase in the average
particle pT [3]. This translates into an energy density that is estimated to be at least a
factor of 3 larger at LHC than at RHIC. The particle density in central AA collisions
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increases faster than in pp collisions. Both are well described by a power law scaling,
∝ s0.15 and ∝ s0.11, in central AA and pp collisions, respectively.
AA central 
Figure 1: Left panel: Energy dependence of the charged particle density at mid-rapidity
per pair of participants in pp and central AA collisions [2]. Right panel: Centrality
dependence of the charged particle density per pair of participants in AA collisions at
LHC and RHIC [4]. The latter has been scaled up by a factor of 2.15 for a better shape
comparison with the LHC data.
The centrality dependence of the charged particle density per pair of participants
at LHC is very similar to that found at RHIC (see right panel of Fig. 1) [4] which
itself is very similar to the one found at top SPS energy. The shape similarity thus
appears as a robust feature over more than two orders of magnitude in energy casting
serious doubts about the validity of the two-component model that attempts to explain
particle production as a superposition of a soft component proportional to Npart and a
hard component proportional to Ncoll; dNch/dη = N [fNpart + (1 − f)Ncoll] should be
considered as a successful parametrization of the data. The almost constant value of f
from SPS to LHC could reflect that some saturation scale is at play already at the SPS
or that geometrical effects dictate the shape of the dNch/dη centrality dependence.
Measurements of two pion Bose-Einstein correlations (HBT) show an increase in the
radii Rout, Rside and Rlong above the RHIC values that indicate an increase of the freeze-
out volume by a factor of about 2 [5].
3. FLOW
The average elliptic flow (v2 =
∫
N(pT )v2(pT )dpT /
∫
N(pT )dpT )
1 in the 20-30% cen-
trality class increases by ∼25% from RHIC to LHC (left panel of Fig. 2) [6]. This increase
mainly reflects the observed increase in the average pT rather than an increase of the dif-
ferential elliptic flow v2(pT ). The latter changes very little from
√
sNN = 39 GeV up to the
new LHC data point as illustrated in the right panel of Fig. 2 that shows the differential
elliptic flow for two pT bins (0.7 and 1.7 GeV/c) vs
√
sNN [7, 8]. The saturation of v2 at
around or below 39 GeV suggests that the perfect liquid property of the QGP discovered
at RHIC is valid from this low energy up to at least 2.76 TeV.
1This quantity is often referred to as the integrated v2 but it represents in fact the average value of v2.
2
The valence quark scaling observed at RHIC seems also to work at the LHC although
deviations are observed for protons [9].
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Figure 2: Average (left panel) [6] and differential (right panel) [7, 8] elliptic flow vs
√
s.
The remarkable lesson on flow from the last Quark Matter conference is the importance
of the higher order harmonic components. Triggered by recent theoretical work [10, 11],
the large five experiments (PHENIX and STAR at RHIC and ALICE, ATLAS and CMS
at LHC) presented compelling evidence for the importance of the higher order flow com-
ponents. The characteristic features appear very similar at RHIC and LHC (see Fig. 3)
[7, 12]: sizable vn up to the sixth order; same pattern for all n: vn rises up to ∼3 GeV/c
and then falls at higher pT ; weaker or no centrality dependence of v3 - v6 as compared
to v2 that exhibits a strong centrality dependence. The saturation of v2 mentioned above
seems also to hold for the higher flow components.
The importance of the higher order harmonics has crucial consequences. In two particle
correlations, the long range ∆η near-side correlations (the so-called ridge) and the double
peak structure in the away-side correlations (the shoulder interpreted as Mach cone) both
largely disappear once the higher order flow components are subtracted [7, 12]. It is also
hoped that the higher order harmonics and in particular v3 will help constraining the
viscosity over entropy ratio η/s.
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Figure 3: Higher order flow harmonics measured by PHENIX (left panel) [7] and ATLAS
(right panel) [12].
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4. PARTICLE SPECTRA AND RAA
Identified particle spectra at RHIC and LHC are compared in the left panel of Fig. 4
[13]. There is a significant change in slope, the spectra being harder at LHC than at RHIC.
There is also a large increase in the particle production cross section at LHC compared
to RHIC, which is more prominent at high pT . The factors are huge. For example, at
pT =3, 10 GeV/c cross sections are larger at LHC than at RHIC by factors of ∼10, 50,
respectively. Consequently, particle spectra could be measured at the LHC already in the
first low-luminosity heavy-ion run with unprecedented pT reach up to 100 GeV/c.Particle Production at Large Transverse Momentum with ALICE 3
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Figure 1. Left: Differential invariant yields of inclusive charged particles in Pb–Pb
collisions at
√
sNN = 2.76 TeV. Results from different centrality intervals are separated
by successive factors of 102 for clarity. Also shown (dashed lines) are the reference
spectra derived from pp collisions at
√
sNN = 2.76 TeV and scaled by 〈Ncoll〉. Right:
RAA of inclusive charged particles. Error bars indicate the statistical uncertainties.
The error boxes contain the systematic uncertainties on the Pb–Pb data and on the
pp reference. Normalization uncertainties are indicated by the bars at RAA= 1.
shown are the pp reference spectra derived from the pp data at
√
s = 2.76 TeV [9, 10]
and scaled by 〈Ncoll〉 ‡. Due to limited statistics, the measured yield in pp is used
only below pT = 6 GeV/c for the reference. At larger pT the pp reference was
approximated by a modified Hagedorn function [11]. This functional form provides the
best fit to the measured pp spectrum in 6 < pT < 40 GeV/c and was extrapolated
to pT = 50 GeV/c. The estimated uncertainty on the pp reference due to the
parametrization and extrapolation procedure increases with pT and reaches 20% at
pT = 50 GeV/c. The scaled pp reference spectra reveal the typical power law shape
at high pT , characteristic for hard scattering. In contrast, a marked depletion of the
Pb–Pb spectra is developing gradually as centrality is increasing, indicating a significant
suppression of particle production in central Pb–Pb collisions.
The nuclear modification factors RAA out to pT = 50 GeV/c are shown in Fig. 1
(right panel) for different centrality intervals. At all centralities, a pronounced minimum
at about pT = 6–8 GeV/c is observed, above which RAA rises monotonically up to about
pT = 50 GeV/c.
The nuclear modification factor RAA in central Pb–Pb collisions (0–5%) obtained
with the measured pp reference is slightly (10–20%) below the results previously
‡ After the conference presentation, we found small inconsistencies in the tracking, leading to an
overestimation of RAA at high transverse momenta. The analysis was reviewed, and here we present
the updated result in the transverse momentum range pT < 50 GeV/c, where the updated values
remain within the systematic uncertainties of the ones shown at the conference.
Figure 4: Left panel: Identified particle spectra at
√
sNN = 200 GeV from PHENIX and
STAR and at
√
sNN = 2.76 TeV from ALICE [13]. Right panel: RAA of charged particles
for three centrality bins measured by ALICE in Pb+Pb collisions t
√
sNN = 2.76 TeV
[14].
Nuclear modification factors, RAA, at LHC are displayed in the right panel of Fig. 4.
For all centrality bins the ALICE data show the same behavior. At low pT , RAA exhibits
first a fast rise followed by a gradual decrease, reaching maximum suppression at pT = 6-
7 GeV/c. At pT > 7 GeV/c, RAA steadily increases up to ∼30 GeV/c and appears to
saturate at higher pT values. In the pT region of overlap, RHIC data (see e.g. the pi
0
data in the left panel of Fig. 5) show a similar pattern, although the minimum at pT
= 6-7 GeV/c is less deep and the rise at pT > 7 GeV/c is not clearly established within
the experimental uncertainties.
The PHENIX results show an interesting hierarchy in the suppression pattern of iden-
tified particles at low pT < 6-7 GeV/c (left panel of Fig. 5) [15]. Light quark mesons show
the largest suppression whereas baryons have very small or no suppression at all. Strange
mesons and electrons from heavy flavor (eHF ) show intermediate suppression:
RAA (light quark mesons) < RAA (strange mesons and e
± from HF) < RAA (baryons)
On the other hand, at higher pT , all particles, baryons and mesons (independently of their
quark flavor) seem t exhib t the same suppressi n level. The limited amou t of ALICE
results available so far seem to be consistent with a similar pattern (see right panel of
Fig. 5) [14].
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Figure 2. Nuclear modification
factor RdAu in d+Au collisions.
Charged kaons and electrons from heavy
flavor (e±HF ) also seem to follow the same
suppression pattern as that of φ. The
measurements of ω and KS cover the high
pT region (from 6 GeV/c to 14 GeV/c)
and exhibit suppression similar to that
of pi0 within the current precision. The
fact that all the mesons show similar
suppression at high pT (>7 GeV/c)
supports the production of these mesons
via jet-fragmentation outside the hot and
dense medium created in these collisions.
The nuclear modification factor of
ω and φ in Cu+Cu collisions has
also been measured and can be found
elsewhere [3, 4]. The results show
that for similar number of participating
nucleons (〈Npart〉) in Cu+Cu and Au+Au
collisions, i.e. similar energy density, the
amount of suppression is the same and this has been observed for other mesons also [6]
and supports the fact that suppression is dependent on 〈Npart〉 only and is not so sensitive
to the details of the collision geometry.
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Figure 3. Nuclear modification factor of several mesons in the central (0-20%) Au+Au
collisions.
4. Results at
√
s
NN
= 62.4 GeV collisions
PHENIX has also measured the φ meson via its K+K− decay channel at
√
s
NN
= 62.4
GeV. The left panel in Fig. 4 shows the measured spectra in p+p collisions and various
centrality classes in Cu+Cu and Au+Au collisions. The right panel shows the nuclear
modification factor of φ in the central Au+Au and Cu+Cu collisions, overlayed with
Figure 5: Left panel: RAA for baryons, strange mesons, e from heavy flavor, light quark
mesons and direct photons measured by PHENIX in 0-10% most central Au+Au collisions
at
√
sNN = 200 GeV [15]. Right panel: RAA of pi, K, Λ and unidentified charged particles
measured by ALICE in central Pb+Pb collisions at
√
sNN = 2.76 TeV [14].
5. JETS AND CORRELATIONS
There are distinct features between the jet studies at RHIC and LHC. At RHIC,
jet studies are practically limited to energies below Ejet = 30-50 GeV, the limit being
imposed by the cross section. Furthermore, jet information is mainly derived via particle
correlations. It is only recently that both PHENIX and STAR were able to obtain results
based on full jet reconstruction.
At LHC, on the other hand, jet measurements are carried out for high energy jets
(Ejet > 25 GeV) which are prominently visible and can be fully reconstructed, whereas
low energy jets are not due to fluctuations in the underlying event. An interesting question
is whether the quench phenomena of low energy jets observed at RHIC are qualitatively
different from the high energy jets observed at LHC. In an attempt to answer this question
the main characterictic features of jets at RHIC and LHC are compared below.
• Jet suppression. At LHC, the jet yield is suppressed in central collisions by about a
factor of 2 and the suppression level is independent of jet energy (see jet RCP measure-
ments in [4]). A similar level of suppression is observed at RHIC (see e.g. the jet RAA
measurements in [16]).
• Dijet correlations. Dijets are mostly back-to-back. The same angular correlations as
in pp are observed in AA collisions for all centralities. There is no evidence for deflection
of the away-side jet, both at the LHC and RHIC as shown in Fig. 6 [17, 18].
• Jet broadening. The away-side jet is broadened at RHIC as illustrated in Fig. 7
that shows results derived from jet-hadron correlations measured by STAR in central
Au+Au collisions [19]. The width of the away-side jet is the same as in pp collisions when
selecting high pT associated particles, whereas it is considerably larger, by almost a factor
of 2, when selecting low pT particles. This suggests that the energy lost by the parton as
it traverses the medium appears in soft hadrons that remain correlated with the original
parton direction. There is not yet direct evidence of jet broadening at the LHC.
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Figure 10: Left panel: the direct photon v2; right panel: direct γ-hadron azimuthal distribution compared with inclusive and decay γ-hadron
distributions.
defined to suppress background fluctuations that tend to gives jets with high multiplicity and large width. This method
can directly suppress fake jets with high purity, so the systematic error due to underlying event is smaller than that for
the direct background subtraction method. However, the jet sample passing the rejection criteria are subject to some
efficiency loss and bias, which need to be evaluated carefully.
Figure 11 summarizes the current status of the jet reconstruction in PHENIX [23]. The left panel shows the full jet
Figure 11: Left panel: jet spectra in p+p collisions. Middle panel: jet RAA in central Cu+Cu collisions for two jet cones. Right panel: di-jet
azimuthal correlation for several centrality selections in Cu+Cu.
spectrum in p+p collisions, unfolded to particle level, up to 60 GeV. The result is consistent with an NLO calculation
and PYTHIA. The middle panel shows the jet RAA in central Cu+Cu collisions, unfolded to p+p jet energy scale, for
two different jet cone sizes. Comparison between different jet cone sizes was argued to directly probe the jet shape
modifications [24]. We see that the RAA for larger cone size is less suppressed, but the uncertainty also is much larger
presumably due to increased background fluctuation in a larger cone. The right panel shows the di-jet acoplanarity
for several centrality classes. The widths extracted via Gaussian fits are consistent across all centrality bins, suggests
a small kT broadening for surviving partons traversing the medium.
8. Future of jet quenching physics in PHENIX
The primary goal for jet quenching physics is to obtain a coherent picture of the interaction of the jets with sQGP.
In order to achieve this goal, we need not only more precise measurements for existing experimental observables,
but also the capability to measure new observables that can provide much more detailed picture about jet medium
interactions. Examples of latter category include reconstructed jets and di-jets in a broad acceptance and kinematic
range, direct γ-jet correlation, and heavy meson tagged jet, just to name a few. PHENIX has planned aggressive
mid-term (2010-2015) and long-term (beyond 2015) detectors upgrades to fulfill these requirements.
In the mid-term, PHENIX will see the completion of VTX and FVTX detectors. These detectors should allow
us to tag D and B meson directly, and provide extended acceptance for low pT charged hadrons for light/heavy
Di-jet Δφ Distributions
25
• This is clearly a 
combinatoric 
contribution to 
R = 0.4 di-jet Δφ 
distribution
– 2nd jet “missing” and 
uncorrelated jet used
• But, combinatoric 
contribution much 
smaller for R = 0.2.
– Yet, equally strong 
asymmetry 
modification. 
2 2.5 3
!
"
) 
d
N
/d
e
vt
(1
/N
0.5
1
1.5
2
2.5
3
3.5
4
 > 100 GeVT 1E
 > 25 GeVT 2E
R = 0.4
Centrality  0-10%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 30-40%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4
Centrality 10-20%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 40-60%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4
HIJING+PYTHIA
Pb+Pb Data
p+p Data
Centrality 20-30%
! "
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 60-80%
ATLAS Preliminary
 = 2.76 TeVNNsPb+Pb  
-1 bµ = 7 intL
2 2.5 3
!
"
) 
d
N
/d
e
vt
(1
/N
0.5
1
1.5
2
2.5
3
3.5
4
 > 100 GeVT 1E
 > 25 GeVT 2E
R = 0.2
Centrality  0-10%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 30-40%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4
Centrality 10-20%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 40-60%
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4
HIJING+PYTHIA
Pb+Pb Data
Centrality 20-30%
! "
2 2.5 3
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 60-80%
ATLAS Preliminary
 = 2.76 TeVNNsPb+Pb  
-1 bµ = 7 intL
Figure 6: Angular correlations of dijets (∆φ = φjet1−φjet2) in Cu+Cu collisions at RHIC
from PHENIX (left panel) [17] and in Pb+Pb collisions at LHC from ATLAS (right panel)
[18].
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Figure 7: Width of the away-side jet in jet-hadron correlations in central Au+Au collisions
as function of pT of the associated particles [19].
• Energy and momentum balance. At LHC, dijets exhibit a large transverse energy
imbalance that grows with centrality as first shown by ATLAS (see Fig. 8) [18]). The
imbalance is compensated by low pT particles (0.5< pT < 2 GeV/c) emitted mostly at
large angles with respect to the way-side jet, out of the jet cone, as illustrated by the
CMS results shown in Fig. 9 [20].
Similar studies are conducted at RHIC [19]. In Fig. 10, the transverse momentum
difference between AA and pp collisions, DAA(p
assoc
T ) = [YAA(p
assoc
T ) − Ypp(passocT )]passocT
(where Yaa(p
assoc
T ) rep esents the yield of associated tracks with transverse momentum
passocT in aa collisions) is plotted for the near-side (left panel) and the away-side (right
panel) jets. Whereas for the near-side jet, the momentum profiles in central Au+Au and
pp collisions are very similar, for the away-side jet there is a deficit of high pT tracks that
is within errors compensated by an excess of low pT tracks [19] (the integral of DAA is
equal to 1.6+1.6+0.5−0.4−0.4 GeV/c). One notices here a difference with the LHC results. Whereas
at the LHC the momentum balance in the away-side comes to a large extent from low-pT
tracks outside the jet cone, at RHIC good compensation is achieved by the excess of low
pT tracks inside the jet cone.
6
Di-jet Asymmetry, R = 0.2
23
R = 0.2
ET1 > 100 GeV
ET2 > 25 GeV
NB: underlying event fluctuations in R = 0.2 ~ 1/2 of R = 0.4
0.2 0.4 0.6 0.8
J
) 
d
N
/d
A
e
v
t
(1
/N
0.5
1
1.5
2
2.5
3
3.5
4
Centrality  0-10%
ATLAS Preliminary
 = 2.76 TeV
NN
sPb+Pb  
-1 bµ = 7 int                    L
0.2 0.4 0.6 0.8
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 30-40%
0.2 0.4 0.6 0.8
0.5
1
1.5
2
2.5
3
3.5
4
Centrality 10-20%
 > 100 GeVT 1E
 > 25 GeVT 2E
R = 0.2
0.2 0.4 0.6 0.8
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 40-60%
0.2 0.4 0.6 0.8
0.5
1
1.5
2
2.5
3
3.5
4
HIJING+PYTHIA
Pb+Pb Data
Centrality 20-30%
JA
0.2 0.4 0.6 0.8
0.5
1
1.5
2
2.5
3
3.5
4 Centrality 60-80%
Figure 8: Dijet transverse energy balance characterized by the asymmetry parameter
Aj=(ET1 − ET2)/(ET1 + ET2) where ET i is the transverse energy of jet i. From ATLAS
[18].
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The whole event is momentum balanced (left panel). For tracks inside the jet cones, there
is a momentum imbalance that manifests itself as an excess of high-pT tracks in the leading
jet direction (middle panel) and is compensated by an excess of low-pT tracks outside the
cones towards the recoiling jet side (right panel). From CMS [20].
• Fragmentation functions. Both ATLAS and CMS report no change in the fragmen-
tation functions measured in Pb+Pb collisions (see e.g. the CMS results in Fig. 11 [21]).
This is to be contrasted with the RHIC results which show that the fragmentation function
in Au+Au is modified compared to pp, with a smaller yield at low ξ and a higher yield at
high ξ (see Fig. 12 [16]). This difference could be due to the different selection cuts (in the
results shown in Fig. 11, the CMS analysis is restricted to tracks with pT > 4 GeV/c
2
whereas the PHENIX analysis uses a much lower pT cut > 0.5 GeV/c) rather than to a
different behavior of low pT (10-40 GeV/c) vs high pT (> 100 GeV/c) jets at RHIC and
LHC, respectively.
2ATLAS with a track pT cut > 2 GeV/c sees also unmodified fragmentation functions.
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Figure 5. Jet-hadron DAA distributions for the near-side (left) and away-side (right).
For details on the systematic uncertainty bands see [16].
with passocT > 1.5 GeV/c. The near-side ∆η projections, figure 6, show that the pi-
triggered data result in higher per trigger yields on the near-side than p+K-triggered
data in both d-Au and Au-Au collisions [18]. The Au-Au data sits on a pedestal, the
phenomenon traditionally known as “the ridge”, with a higher pedestal for the p+K-
triggered correlations that for the pi-triggered data. This suggests that protons and/or
kaons may have a higher v3 component than the pi, see [19] for more details on flow and
fluctuation measures from STAR. The intermediate pT trigger range selected for this
analysis is in the region often successfully described by “recombination” models [20].
However, if the production of protons were dominated by recombination of quarks from
the “bulk”, there should be no correlated particle production with these baryons. In
the na¨ıve recombination scheme this would result in a reduced per trigger yield for
protons in Au-Au di-hadron correlations. No such reduction, compared to d-Au data,
is observed in figure 6.
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4. Summary and Outlook
In summary, full jet reconstruction has shown that the pp single inclusive and di-
jet cross-sections are well described by NLO calculations when hadronization and the
underlying event are taken into the account. The underlying event multiplicity shows
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4. Summary and Outlook
In summary, full jet reconstruction has shown that the pp single inclusive and di-
jet cross-sections are well described by NLO calculations when hadronization and the
underlying event are taken into the account. The underlying event multiplicity shows
Figure 10: Near-sid (left) and aw y-side (right) DAA distributions as a functio of the
associated hadron transv rse mo entum passocT in centr l Au+Au collisions measured by
STAR [19].
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Figure 11: Fragmentation functions in pp and for several centrality bins in Pb+Pb colli-
sions measured at LHC by CMS using jet-jet correlations [21].Measuring Fragmentati  Fu tions 
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Figure 12: Fragmentation functions in pp and central Au+Au collisions measured at RHIC
by PHENIX using γ-jet correlations where the jet energy is determined by the γ energy
[16].
To summarize most jet properties appear very similar at RHIC and LHC. Differences
seen in the fragmentation functions and in the correlation of the track excess at low pT
8
with respect to the away-side jet cone, need further study to assess their meaning.
6. HEAVY FLAVOR, J/ψ AND Υ
• Open charm. One of the most surprising results from RHIC that still remains a
challenge for theory, is the large suppression of single electrons from heavy flavor decays.
At high pT (> 5 GeV/c) the suppression is within errors the same as for light quark
mesons (see left panel of Fig.13 [22]). At lower pT the suppression is intermediate between
that of light mesons and baryons as already discussed in Section 4.
Data Comparisons: D and π±	

 Suppression for charm is a factor 4-5 above 5 GeV/c 
 Compatible with pions RAA (slightly larger below 5 GeV/c) 
 maybe hint for RAAD > RAAπ ? stay tuned for 2011 Pb-Pb run results 
Quark Matter 2011, Annecy, 27.05.11                          Andrea Dainese	
 41	

0-20% 40-80% 
Figure 13: Left: RAA of single electrons from heavy flavor decays in 0-10% central Au+Au
collisions at
√
sNN = 200 GeV from PHENIX compared with pi
0 results [22]. Right: RAA
of fully reconstructed D mesons in 0-20% central Pb+Pb collisions at
√
sNN = 2.76 TeV
from ALICE compared to pi± results [23].
At LHC energies, the large increase of the charm production cross section by more than
one order of magnitude allows full reconstruction of charmed mesons via hadronic decays
in central Pb+Pb collisions. First results on D0 and D+ R A from ALICE shown in the
right panel of Fig. 13 [23], confirm the large suppression at high pT (pT > 6-7 GeV/c),
comparable to the suppression of charged pions, as observed at RHIC. The ALICE data
start at pT = 2 GeV/c and the uncertainties are too large for a qualitative statement on
the behavior of open charm RAA at low pT .
• J/ψ suppression. After more than two decades since the classic paper of Matsui and
Satz [24] that anticipated J/ψ suppression in the QGP due to color screening that prevents
cc binding, the J/ψ saga remains a strong focus of interest. In spite of intense efforts, both
experimental and theoretical, a detailed understanding of the J/ψ fate in nuclear collisions
is still lacking. The main SPS and RHIC results are briefly reviewed below and confronted
with the newly available results from LHC.
Two surprising J/ψ results shown in Fig. 14 were obtained at RHIC [25]. Contrary
to simple expectations, (i) J/ψ is equally suppressed at RHIC as at SPS and (ii) J/ψ
suppression is stronger at forward rapidity than at mid rapidity. In addition to the sup-
pression of the J/ψ in the plasma, a variety of other effects have been invoked that are
susceptible of affecting the J/ψ yield and could explain the observed results. Among those,
one can mention sequential melting of the charmonium states, regeneration of J/ψ, gluon
saturation, shadowing and cold nuclear matter effects. A systematic approach involving
9
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Figure 1. Left: J/ψ yields normalized by Drell-Yan, as a function of the nuclear
thickness L, as measured at the SPS [4]. Right: J/ψ nuclear modification factors of
the hottest SPS (Pb-Pb) and RHIC (Au-Au) collisions, as a function of the number of
participants Npart.
2. The RHIC anomalies
At RHIC energies, namely
√
sNN ≃ 200 GeV, measurements of J/ψ suppression in Au-
Au collisions by the PHENIX experiment [5] brought up two surprises, as it is shown on
the right part of figure 1. First, at midrapidity (red circles), the amount of suppression
is surprisingly similar to the one observed at SPS (black crosses) if plotted as a function
of the number of participants Npart. There is no fundamental reason for this to happen,
since the energy density should be higher at RHIC, and the cold nuclear effects could be
drastically different (in particular, the initial gluons should be further shadowed, having
smaller Bjorken x). Even more surprising is the fact that, at forward rapidity (blue
squares), J/ψ are further suppressed (by approximately 40%). This is also confirmed
by a preliminary analysis of the run 7 data shown at this conference.
So far, we think of two possible explanations of the RHIC J/ψ data.
• First, J/ψ could be indeed more suppressed than at SPS, but then recreated during
(or at the term of) the hot partonic phase from initially uncorrelated c and c
quarks, the total number of initial cc pairs being larger than 10 in the most central
collisions [6, 7]. A large variety of such “coalescence” or “recombination” models
exists, the latest flavours of which can be found in [8, 9, 10, 11, 12, 13, 14]‡.
Qualitatively, they explain why we see less suppression at midrapidity by the simple
fact that there is more c and c quarks to recombine there.
• Second, J/ψ could be more suppressed at forward rapidity because of nuclear
effects. Standard gluon shadowing parametrizations do not tend to produce such
a behaviour [15] but they are poorly constrained by data and further saturation
effects are not excluded. Interesting exploratory work to derive J/ψ production in
‡ For seminal publications see references therein. References [8] and [14] were shown at this conference.
Figure 14: J/ψ suppresion, RAA, measured at forward and mid-rapidities by PHENIX in
central Au+Au collisions at RHIC compared to SPS results in central Pb+Pb collisions
at mid-rapidty [25].
measurement of the excitation function of J/ψ production in pp, pA and AA collisions
will probably be the most effective way to disentangle these various contributions. Data
at LHC energies are very valuable in this respect although the first LHC results discussed
below appear quite different from those obtained at RHIC.
At forward rapidity (2.5 < y < 4), the J/ψ RAA for pT > 0 measured by ALICE
shows very little, or not at all, dependence on centrality, contrary to RHIC (see left panel
of Fig. 15) [26]. The average magnitude of RAA (in 0-80% centrality) is ∼0.5, a factor
of ∼2.5 larger than measured by PHENIX in central collisions at forward rapidity (1.2
< |y| < 2.2) and comparable to, or slightly smaller than, the one measured at mid-rapidity
(|y| < 0.35).
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Figure 15: J/ψ RAA vs centrality for pT > 0 from ALICE at forward rapidity compared to
PHENIX results at forward and mid-rapidities (left panel) [26] and for pT > 6.5 GeV/c at
mid-rapidty from CMS compared to STAR results under similar conditions (right panel)
[27].
On the other hand, for high pT (> 6.5 GeV/c), J/ψ RAA results reported by CMS at
mid-rapidity (see right panel of Fig. 15) [27] exhibit centrality dependence and a stronger
suppression, reaching a value of RAA = 0.2 in central collisions, as opposed to the results
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at forward rapidity and for pT > 0. The suppression is also stronger than the one observed
by STAR under similar conditions, displayed in the same figure.
These first LHC results are intriguing and more Pb+Pb data with higher precision
together with reference pp and p+Pb data are needed for further progress on the charmo-
nium states.
• Open bottom and Υ. The high cross sections at LHC allowed already in the first LHC
heavy-ion run a glimpse at the suppression of B mesons and the bottomonium family Υ
(1S, 2S,3S). B meson production is inferred from the non-prompt J/ψ separated out of
the inclusive J/ψ by its displaced vertex. The left panel of Fig. 16 [27] shows the non-
prompt J/ψ RAA measured by CMS for high pT (> 6.5 GeV/c). A relatively high degree
of suppression at ∼0.4 is observed suggesting a large energy loss of b quarks in the plasma.
No centrality dependence is observed contrary to the prompt J/ψ RAA shown in Fig. 15
(right).
Fig. 16 (right) shows the µ+µ− mass spectrum in the region of the Υ family mea-
sured by CMS in Pb+Pb (data points and solid histogram) and in pp (dashed histogram)
collisions [28]. The two spectra are normalized to the 1S peak. The figure clearly shows
that the excited states 2S and 3S are suppressed with respect to the 1S. The double ratio
[Υ(2S+3S)/Υ(1S)]PbPb/[Υ(2S+3S)/Υ(1S)]pp gives a value of 0.31
+0.19
−0.15(stat.)±0.03(syst.).
The Υ(1S) state itself is also found to be suppressed to RAA ∼0.6. It is interesting to note
that a hint of Υ states suppression with an upper limit of RAA = 0.64 at 90% confidence
level has been reported by PHENIX [29].
With these preliminary results one can foresee a wealth of new and comprehensive
studies of the bottomonium states.
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Figure 16: Left: CMS results on RAA of B mesons (non-prompt Jψ) [27]. Right: Dimuon
mass spectra in the region of the Υ family measured by CMS in pp and Pb+Pb collisions
[28].
7. SUMMARY
The first heavy ion run at the LHC, although of low luminosity, has produced a wealth
of high quality results. Most observables are consistent or show a smooth behavior from
11
RHIC to LHC. In addition to considerable quantitative differences due to the higher cross
sections at the higher energies of the LHC, there also seem to be some qualitative differ-
ences in particular in the behavior of jets and quarkonia.
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